Abstract. Three-dimensional cell culture systems provide a convenient in vitro model for the study of complex cell-cell and cell-matrix interactions in the absence of exogenous substrates. The current study aimed to evaluate the osteogenic differentiation potential of gingiva-derived stem cells cultured in two-dimensional or three-dimensional systems. To the best of our knowledge, the present study is the first to compare the growth of gingiva-derived stem cells in monolayer culture to a three-dimensional culture system with microwells. For three-dimensional culture, gingiva-derived stem cells were isolated and seeded into polydimethylsiloxane-based concave micromolds. Alkaline phosphatase activity and alizarin red S staining assays were then performed to evaluate osteogenesis and the degree of mineralization, respectively. Stem cell spheroids had a significantly increased level of alkaline phosphatase activity and mineralization compared with cells from the two-dimensional culture. In addition, an increase in mineralized deposits was observed with an increase in the loading cell number. The results of present study indicate that gingiva-derived stem cell spheroids exhibit an increased osteogenic potential compared with stem cells from two-dimensional culture. This highlights the potential of three-dimensional culture systems using gingiva-derived stem cells for regenerative medicine applications requiring stem cells with osteogenic potential.
Introduction
Mesenchymal stem cells are a major cell source for regenerative medicine due to their multilineage potential (1) . Stem cells have been isolated and characterized from human gingiva, demonstrating multipotency with a high rate of proliferation and exhibiting characteristics of mesenchymal stem cells (2) . Gingiva-derived stem cells have been applied for tissue regeneration, including bone and periodontal regeneration (3) (4) (5) . Systemically transplanted enhanced green fluorescent protein (eGFP)-labeled gingiva-derived stem cells were administered via the tail vein, where the stem cells concentrated at the mandibular defect and promoted bone regeneration (4) . In another study, eGFP-labeled gingiva-derived stem cells were seeded onto type I collagen gel and implanted into mandibular defects and calvarial defects in Sprague Dawley rats (6) . Previous reports have indicated that gingiva-derived stem cells significantly enhance the regeneration of the damaged periodontal tissue, including the alveolar bone, cementum and functional periodontal ligament (3) . In addition, it has been demonstrated that gingiva-derived stem cells and bone marrow mesenchymal stromal cells have a similar osteogenic capacity (5) .
While traditional cell culture methods have relied on growing cells as monolayers, three-dimensional culture systems may provide a convenient in vitro model for the study of complex cell-cell and cell-matrix interactions in the absence of exogenous substrates (7) . Furthermore, mesenchymal stem cells are typically cultured on a two-dimensional substrate in vitro, and cells may lose their stemness as a result of prolonged two-dimensional culture (8, 9) . The present study aimed to evaluate the osteogenic differentiation of gingiva-derived stem cells using two-dimensional and three-dimensional culture systems. To the best of our knowledge, the current study is the first to evaluate and compare the use of two-dimension and microwell-based three-dimensional culture systems for gingiva-derived stem cells.
Materials and methods

Isolation and culture of gingiva-derived stem cells.
Gingiva-derived stem cells were obtained using a previously described method (2) . The present study was reviewed and approved by the Institutional Review Board of Seoul St. Mary's Hospital (Seoul, Korea; approval no. KC11SISI0348). Gingival tissues were collected under local anesthesia using a surgical scalpel blade from a 14 year-old male patient who was referred to the Department of Periodontics at Seoul St Mary's Hospital for a crown lengthening procedure in August 2013. Written informed consent was obtained from the patient's legal guardian. Gingival tissues were de-epithelialized, minced Alkaline phosphatase activity assay. Cell cultures were grown at 8x10 3 stem cells/mm in a 37˚C humidified incubator containing 5% CO 2 ( Fig. 1 ) with α-MEM or osteogenic induction media (StemPro ® Osteogenesis Differentiation kit; Gibco; Thermo Fisher Scientific, Inc.) were harvested on days 1, 3 and 7. Cells were detached using trypsin (Gibco; Thermo Fisher Scientific, Inc.) and washed twice with PBS for 1 min. Alkaline phosphatase activity assays were performed using the Alkaline Phosphatase Activity Colorimetric assay kit (cat no. K412-500; BioVision, Inc., Milpitas, CA, USA) according to the manufacturer's protocol. The cells were resuspended with assay buffer, sonicated at 70-80% intensity for 1 min at 4˚C and then centrifuged at 13,000 x g for 3 min at 4˚C to remove insoluble material. The supernatant was mixed with p-nitrophenylphosphate substrate (provided in the kit) and incubated at 25˚C for 60 min. The optical density of the resultant p-nitrophenol at 405 nm was determined spectrophotometrically.
Stem-cell spheroids formed in the concave micromolds were moved to culture plates on day 3. The spheroids were grown with α-MEM or osteogenic induction media in a 37˚C humidified incubator containing 5% CO 2 ( Fig. 1 ) and harvested on days 1, 3 and 7. Alkaline phosphatase activity assays were performed as described above on the spheroids.
Alizarin red S staining for mineralization. Gingiva-derived stem cell groups of 4x10 5 (group 1) or 8x10 5 (group 2) cells were seeded on a 100 mm diameter culture plate and grown with α-MEM or osteogenic induction media. Stem-cell sphe roids formed in the concave micromolds at 4x10 5 (group 1) or 8x10 5 (group 2) cells/100 concave micromolds were moved to the culture plate at day 3 and grown with α-MEM or osteogenic induction media. On day 6, cells and spheroids were washed twice with PBS for 1 min, fixed with 70% ethanol at room temperature for 15 min and rinsed twice with deionized water. The two-and three-dimensional cultures were stained with alizarin red S for 30 min at room temperature. To remove non-specifically bound dye, the cultures were washed 3 times for 2 min with deionized water and then with PBS for 15 min at room temperature. Bound dye was solubilized in 10 mM sodium phosphate containing 10% cetylpyridinium chloride (Sigma-Aldrich; Merck KGaA) and quantified spectrophotometrically at a wavelength of 560 nm.
Statistical analysis. Data are presented as the mean ± standard deviation. A Shapiro-Wilk test for normality was performed, and a one-way analysis of variance with a post hoc Tukey's range test was performed to determine the statistical significance of differences between groups. SPSS software (version 12; SPSS Inc., Chicago, IL, USA) was used for all statistical tests. P<0.05 was determined to indicate a statistically significant difference.
Results
Alkaline phosphatase activity assays. The results of the alkaline phosphatase activity assays are presented in Fig. 2 . All the comparisons are made between the three-dimensional osteogenic group and the two-dimensional growth and two-dimensional osteogenic groups. The absorbance at 405 nm on day 1 was significantly lower for the two-dimensional compared with the three-dimensional osteogenic differentiation group (0.283±0.013 and 0.324±0.023 nm, respectively; P<0.05). The absorbance values on day 3 were significantly lower for the two-dimensional compared with the three-dimensional osteogenic differentiation group (0.205±0.039 and 0.281±0.054 nm, respectively; P<0.05). Similarly, the absorbance values on day 7 were significantly lower for the two-dimensional compared with the three-dimensional osteogenic differentiation group (0.244±0.011 and 0.305±0.020 nm, respectively; P<0.05).
Mineralization assay. Minimal mineralized extracellular deposits were observed following the alizarin red S staining of two-dimensional and three-dimensional growth media groups (Fig. 3A and B ). An increase in the number of mineralized deposits was revealed in the osteogenic media groups, and more intense staining was observed in group 2 compared with group 1 (Fig. 3) . The quantitative results regarding bound dye are presented in Fig. 4 . Quantitative absorbance values for group 1 on day 6 were 0.317±0.062, 0.234±0.030, 1.016±0.667 and 0.670±0.091 nm for two-dimensional growth, three-dimensional growth, two-dimensional osteogenic and three-dimensional osteogenic groups, respectively (P=0.076).
The absorbance values for group 2 were 0.330±0.018, 0.221±0.073, 1.639±1.216 and 1.339±0.139 nm for two-dimensional growth, three-dimensional growth, two-dimensional osteogenic and three-dimensional osteogenic groups, respectively (P=0.050).
Discussion
The present study compared the effects of the osteogenic differe ntiation of gingiva-derived stem cells using two-dimensional and three-dimensional culture systems and demonstrated that gingiva-derived stem cell spheroids exhibited an increased osteogenic potential from alkaline phosphatase activity assays and alizarin red S staining when compared with stem cells cultured using the two-dimensional culture method.
Various methods may be used to form cell spheroids (10-13). A previous study reported that multicellular aggregates were formed using the hanging droplet technique (10) . In addition, the formation of stem cell spheroids may be induced using a rotating platform (11) . Microwell culture systems have pre viously been applied to generate homogenous stem cell colonies of defined sizes and shapes (12) . A previous study used polyethylene glycol microwells to produce easily retrieva ble cell aggregates with high viability and controlled sizes and shapes defined by the geometry of the microwells (13) . The present study used polydimethylsiloxane-based concave micromolds to form stem cell spheroids.
It has been suggested that three-dimensional culture systems may be applied in regenerative medicine strategies (7). Three-dimensional culture systems are reported to have a number of advantages (14) . Three-dimensional cultures allow the long-term maintenance of stem cells without the routine passaging and manipulation necessary for traditional two-dimensional cell propagation (15, 16) . The available surface area for the propagation of cells is limited in two-dimensional systems, whereas three-dimensional systems have been developed for the expansion of stem cells as spheres (11) . Stem cell spheroids exhibit greater resistance to apoptosis (17) . In addition, stem cell spheroids kept in the three-dimensional system secrete considerable amounts of vascular endothelial growth factor A, which was undetected in two-dimensional cultures (18) .
Mesenchymal stem cells are typically cultured on a two-dimensional substrate in vitro and cells may lose their multipotentiality as a result of prolonged two-dimensional culture (8, 9) . The three-dimensional spheroid culture system has demonstrated efficient multipotency, including osteogenic differentiation, compared with two-dimensional culture (1, 11, 19) . Similarly, the three-dimensional culturing of human adipose-derived stem cells as multicellular aggregates caused elevated levels of osteogenic differentiation and increased matrix mineralization when compared with analogous cells in monolayer culture (10) . The results of the present study demonstrated that three-dimensional cultures of gingiva-derived stem cells exhibited a statistically significant increase in alkaline phosphatase activity compared with those in two-dimensional culture. A previous study revealed that three-dimensional stem cell spheres exhibited 10-fold higher mineralization compared with the two-dimensional control culture (20) . Similarly, the expression of alkaline phosphatase was reported to be higher in three-dimensional scaffold-free stem-cell sheet-derived pellets compared with the cell sheets (10) . Another study demonstrated that three-dimensional stem cell spheres possessed 4-fold greater alkaline phosphatase activity compared with the two-dimensional control culture (20) .
Three-dimensional culture may be broadly categorized into scaffold-free or scaffold-based culture systems, with scaffolds made from either natural or synthetic materials (14) . Biomaterial-supported culture methods, allowing for the directed three-dimensional differentiation of stem cells, are an alternative to canonical two-dimensional cell cultures (21) . A polymer matrix can be used for the three-dimensional culture to promote of osteogenesis (22) . Another study used a collagen/hydroxyapatite scaffold for stem cell culture to promote proliferation and maintain differentiation capacity (9) . Encapsulation of stem cells within alginate beads may support and enhance differentiation compared with two-dimensional cultures (21) . In addition, a previous study indicated that the structure of the substrate used exhibits potent effects on cell function compared with the substrate composition when nanofiber scaffolds were compared with flat films, yielding marked differences in gene expression (23) .
Human mesenchymal stem cells have potential applications in stem cell therapy due to their wide availability, immunomodulatory properties and multipotent nature, which allows them to differentiate into chondrocytes, osteocytes Figure 4 . Quantification of the results of the mineralization assay on day 6. * P<0.05 vs. group 1 3D osteo (4x10 5 cells). 2D growth, two-dimensional growth in normal media; 3D growth, three-dimensional growth in normal media; 2D osteo, two-dimensional growth in osteogenic media; 3D osteo, three-dimensional growth in osteogenic media. and adipocytes (21) . It has been suggested that mesenchymal stem cells derived from gingival tissue may be a novel cell source for stem cell therapy in bone reconstruction (6) . The results of a previous study suggested that a three-dimensional spheroid culture approach optimized the stem cell properties of enhanced multipotency and therapeutic effects of chemokine secretion from human gingiva-derived mesenchymal stem cells (24) . In addition, the production of uniform spheroids allows for improved handling and manipulation of the cells (10) .
In conclusion, the current study demonstrated that gingiva-derived stem cell spheroids exhibited increased osteogenic potential when compared with stem cells cultured using the two-dimensional culture method. This highlights the potential of three-dimensional culture systems using gingiva-derived stem cells for regenerative medicine applications requiring osteogenic potential.
